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electrochemical methodsAbstract A novel experimental scheme for real time measurement of aluminum oxide film during
anodization was developed for the first time. The scheme was established based on a combination of
a fiber optic sensor of Fabry–Pe´rot interferometry and direct current (DC) electrochemical meth-
ods. The scheme was assembled in a way to simultaneously anodize the aluminum samples and
to measure the thickness of the aluminum oxide film. The anodization process of aluminum sample
was carried out in 4% sulfuric acid (H2SO4) solution by the DC methods at room temperature. The
estimated thickness of the aluminum oxide film by the novel scheme was verified by scanning elec-
tron microscopy (SEM) and electrochemistry measurements. This study shows that real time mea-
surement of the thickness of aluminum oxide film is feasible as it closely matched the thickness
determined by SEM and other electrochemistry techniques.
 2016 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Aluminum has become a material of a cost–effective alterna-
tive for engineering designs since the end of the 19th century.
In recent decades a significant use of aluminum in transporta-
tion, building, packaging, and engineering has been witnessed
owing to its versatile properties. The reason behind the univer-
sal demand for aluminum and its products is its resistance to
corrosion combined with excellent strength, light weight,urnal of
2 F. Karim et al.durability as well as lower density. Aluminum is a very active
metal and its nature is to oxidize very quickly [1–4]. When alu-
minum is exposed to the atmosphere, it immediately reacts
with oxygen and forms a very thin layer of oxide which is
chemically bound to the surface and it seals the core aluminum
from any further oxidation [5]. Thus aluminum turns highly
resistant to corrosion due to its self-protecting characteristics.
Anodization of aluminum leads to the formation of a thicker
layer of protective oxide coating thus physically modifying
the surface of aluminum. Anodization process protects the
principal metal by converting aluminum surface into an extre-
mely hard, durable, corrosion resistant, long-lasting aluminum
oxide finish [6]. The formed oxide film grown electrochemically
on aluminum mainly consists of amorphous A12O3, generally
with a porous structure along with a thin barrier layer [7].
At present, aluminum anodization method has become an
essential industrial process due to different environmental con-
cerns. During the anodization process, metal industries tightly
control the thickness of oxide layer to meet the end product
specifications. Therefore, it is a major challenge for the metal
industries to use an inexpensive and environmentally friendly
method to estimate the thickness of oxide layers during the
anodization process to ensure quality control of manufactured
aluminum oxide coatings. Besides the classical DC electro-
chemical methods of monitoring the growth of the aluminum
oxide coatings [3–7] during the anodization processes, there
are a few number of non-contact methods [8–10]. The non-
contact methods are solely dependent on light as a quantum
tool to traverse the information of the anodized surface of alu-
minum samples in aqueous solutions to an optical sensor for
monitoring the growth of the aluminum oxide films. There
are two types of optical sensors. The first type is the phase-
shift-optical sensor, i.e., holographic interferometry and so
on, based on time or spatial domain. This type of optical sen-
sor is dependent on a laser (coherent) light [8–10]. The other
type is the spectral-optical sensor, i.e., Fabry–Pe´rot interfer-
ometry [11] and so on, based on frequency domain. This type
of optical sensor is independent of a laser (coherent) light. In
other words, the spectral optical sensor can work with a white
(non-coherent) light. In fact, the phase-shift-optical sensor
such as holographic interferometry was not only used for mon-
itoring the growth of the aluminum oxide films [8–10], but also
it was used in the corrosion field [12]. In contrast, the spectral
optical sensor such as Fabry–Pe´rot interferometry has been
only used to characterize optical thin films on glass substrates
in two separate investigations [13,14]. Also, interferometric
techniques such as the reflective interference spectroscopy
was used to characterize the nano-porous structure of the alu-
minum oxide films during the fabrication (anodization) of the
oxide film for controlling the pore diameters, inter-pore dis-
tance, pore length, and surface modification with inorganic
substances [15–17]. So, the present study has addressed for
the first time the measurement of aluminum oxide film during
the anodization processes of aluminum sample in situ in aque-
ous solution, by Fabry–Pe´rot interferometry, using a non-
coherent light, i.e., white light. The technique of Fabry–Pe´rot
interferometric [11] is an efficient approach that can measure
the thickness of thin films in situ in aqueous solutions. In addi-
tion, the technique, like other optical interferometry tech-
niques [8–10,12], is an environmentally friendly method in
which no pollution, no contamination waste would be
generated.Please cite this article in press as: F. Karim et al., Measurement of aluminum oxide fil
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A fiber optic sensor based on a combination of the real-time
Fabry–Pe´rot interferometry and DC electrochemical methods
has been established to monitor the growth of aluminum oxide
film during the anodization of the aluminum samples. As a
result, the thickness of aluminum oxide film can be thereby
extracted during its formation (in situ). The proposed system
is schematically described elsewhere [13]. During the DC
anodization process, light reaches the aluminum sample
through a fiber and collimator (to reduce the distance of incident
light). The fiber and the collimator are inserted into a glass tube
to prevent them from the acid solution. When light reaches the
sample, multiple reflections occur inside the aluminum oxide
film causing Fabry–Pe´rot effect [13]. A three-port beam splitter
was used to assist the transmission of the incident light on the
sample and collect the reflected wave after the multiple reflec-
tions occur in the sample. For this purpose a chromium-
coated glass slide was used as a beam splitter. The total reflected
wave (ETotal) collected by the fiber can be designated as,
ETotal ¼ E1 þ EA
ETotal ¼ r0E0 þ 1þ r0ð ÞrAE0ei2k0nAd ð1Þ
where, r0 ¼ n0 cos h1nA cos h2n0 cos h1þnA cos h2; RðxÞ ¼ jr0j
2
, R= Fabry–Pe´rot
reflection, E0 = magnitude of incident wave, r0 = reflection
coefficient in oxide/electrolyte interface, rA = reflection coeffi-
cient in metal/oxide interface, d= thickness of anodic alu-
mina; k0 = phase constant, nA = refractive index of anodic
alumina, h1 = incident angle; h2 = reflected angle.
During the anodization process, reflection spectrum was
recorded for specific time interval and change of thickness of
aluminum oxide film was extracted from the shift of the peri-
odicity of recorded fringes, obtained from Fabry–Pe´rot reflec-
tion as given by Eq. (2).
RðxÞ ¼ 1 TðxÞ ¼ 1 1 RðxÞð Þ
2
1þ RðxÞ2  2RðxÞ cos 2/ðxÞð Þ ð2Þ
The phase difference between the two interfaces (oxide/elec-
trolyte interface) can then be represented as:
2/ðxÞ ¼ 2 2p
k
nAd cos h2
where, k=wavelength of incident light.
In this experiment, metallic samples of pure aluminum
(99.7%) were used. The aluminum samples with dimension
5 cm  5 cm  0.15 cm were then cut from pure aluminum
sheet. A surface treatment of the aluminum samples was done
by a procedure called chemical mechanical polishing (CMP).
The procedure of CMP is basically annealing and electropol-
ishing of the aluminum samples to remove uneven surfaces.
First, all the samples were polished with silicon carbide particle
papers (2500 grade). Subsequently, the samples were mechan-
ically polished first by 300 nm and then by 50 nm alumina
nanoparticles to smoothen the surface. In order to reduce sur-
face defects and mechanical stresses as well as re-crystallization
of aluminum [18], the samples were annealed in the high tem-
perature furnace at 400 C for 1 h under atmospheric condi-
tion. Electro-polishing was done in a mixture of perchloric
acid (HClO4) and ethanol (C2H5OH) (1:4 by volume) [19] at
controlled temperature (0–15 C). The applied voltage wasm by Fabry–Pe´rot interferometry and scanning electron microscopy, Journal of
Figure 1 Comparison between the FFT analysis of first surface
(oxide/electrolyte interface) reflection of aluminum oxide film
(AAO) (experimental) and calculated Fabry–Pe´rot reflection.
Measurement of aluminum oxide film 3varied according to the requirement of current density on the
specific area of the samples to obtain a mirror finished surface
of aluminum samples. The current-time transient graph was
recorded by GDM 396 multimeter communicating with a com-
puter. Thereafter, a coal tar (black) epoxy (polyamide cured)
was applied on one side and all edges of the samples in order
to protect these surfaces from anodization. Anodization was
then carried out in the presence of 4% sulfuric acid (H2SO4)
electrolyte at room temperature. A graphite electrode was used
as a counter electrode and a potentiostat (EG&G Princeton
applied research model 363) was used as a DC power source.
Prior to connecting the electrochemical cell, while the sample
immersed in the electrolyte, the corrosion potential (open cir-
cuit potential) was monitored by a voltmeter with respect to
a Saturated Calomel Electrode (SCE), as a reference electrode.
With respect to the recorded open circuit potentials (OCP), 9 V
potential had been applied and anodic current was recorded
during the anodization process. At the same time, a reflection
spectrum was recorded after a specific time interval (every one
or two minutes) using Fabry–Pe´rot interferometry according
to the optical setup described elsewhere [13]. In this study, a
broadband 20 W halogen lamp (spectral range from 500 to
900 nm) and Ocean Optics USB4000 spectrometer were used.
The light was guided and collected in a large core, 1 mm diam-
eter, multimode optical fiber. As the spectrometer resolution is
0.2 nm, at this resolution the sensitivity of the thickness change
given by Dd/d= Dk/k will yield a sensitivity of approximately
3  104 at the central wavelength of 700 nm.Figure 2 (a) Comparison of the thickness of the aluminum oxide
film (AAO) with respect to anodization time estimated by the
current method and the (b) the actual aluminum oxide film
thickness determined by SEM and (c) electrochemical
measurements.3. Results and discussion
In general, fast Fourier transform (FFT) was applied in the
present study in order to obtain the thickness of aluminum
oxide film from the recorded reflection spectra of the immersed
aluminum sample in the sulfuric acid solution. So, first of all, a
signal acquisition of the reflected spectra was recorded. Then, a
signal processing of the recorded reflection spectra was low-
pass filtered (smoothing technique) to minimize noise. After
the signal processing most of the noise of real time reflection
spectrum were removed. As a result, very strong fringes were
obtained as shown in Fig. 1. The formation of fringes indicates
a rapid oxidation of the aluminum surface following immer-
sion in sulfuric acid solution. Spatial frequency from first sur-
face of aluminum oxide film (oxide/electrolyte interface) was
determined by FFT analysis of the experimental results which
were then compared to the FFT analysis of calculated Fabry–
Pe´rot reflections (Fig. 1). Consequently, changes in spatial fre-
quency, DV, were obtained. A relationship between the
anodization time and change in spatial frequency (DV) was
developed (Fig. 2) based on the recorded experimental results.
Similarly, relationship between change in spatial frequency
(DV) and thickness of aluminum oxide film was achieved from
calculated Fabry–Pe´rot reflection. After correlating these two
relationships, final thickness of the growing anodic alumina
film was established with respect to the anodization time
(Fig. 2). It should be noted here that the barrier layer thickness
(metal/oxide interface) of aluminum oxide film was neglected.
This is due to the fact that the barrier layer is not thick enough
to be comparable to the wavelength of the light in the white
light. In other words, the barrier layer is too thin to be resolved
by the spectral interferometry of the white light.Please cite this article in press as: F. Karim et al., Measurement of aluminum oxide fil
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aluminum oxide film was carried out by scanning electron
microscopy (SEM) (Fig. 2). Also, the obtained thickness of
the aluminum oxide film was further justified from electro-
chemistry measurements by monitoring the anodic current
density (J) that was calculated according to the following
mathematical model of metallic samples in aqueous solutions
[12]:
J ¼ FjZjDd
MT
ð3Þ
where, J is the anodic current density (mA/cm2), F is Faraday’s
constant, |z| is absolute number of electron charge, M is them by Fabry–Pe´rot interferometry and scanning electron microscopy, Journal of
4 F. Karim et al.atomic weight of solid material (kg), T is the time of anodic
reaction (s), D is the density of the base metal (g/cm3) and d
is the thickness of oxide film or orthogonal displacement on
metal surface due to anodization (lm) [the obtained thickness
of the aluminum oxide film for this investigation].
The anodic currents were calculated for 22.5 cm2 surface
area (experimental) of the aluminum oxide film and compared
with experimentally measured anodic current in order to verify
the obtained thickness of the aluminum oxide film (Fig. 2).
Fig. 2 illustrates in general that the thickness of aluminum
oxide film is directly proportional to the anodization time. The
obtained thickness of aluminum oxide film is approximately
2.34 lm after 90 min of anodization. Fig. 2 illustrates that
the thickness observed by SEM corresponds closely to the
thickness obtained from the novel scheme, as proposed in this
work. In addition, there is a good agreement between the
experimentally measured anodic current and the current calcu-
lated from the real time obtained thickness of aluminum oxide
according to the mathematical model of metallic samples in
aqueous solutions (Fig. 2). Hence, the proposed scheme of
the combination of Fabry–Pe´rot interferometry and the DC
electrochemical method could be successfully utilized to esti-
mate the thickness of aluminum oxide film during the anodiza-
tion process. However, some variation could happen between
the measured thickness of aluminum oxide film compared to
SEM measurements as well as what’s estimated from the ano-
dic currents as the DC electrochemical anodization takes place
in a highly resistive environment.
It is worth mentioning that in a separate investigation by the
authors [13], the thickness of cadmium sulfide (CdS) thin films
was measured in situ during growth of the films on a glass sub-
strate in 30 mM cadmium acetate and thioacetamide solution at
60 C temperature. The measurement of the film thickness was
determined for the first time by Fabry–Pe´rot interferometry, a
white light technique. The fabrication process of the CdS film
was carried out by a randomprecipitation of theCdS at the open
circuit potential of the substrate in the solution.On the contrary,
the authors of the present study have managed for the first time
tomeasure in situ the film thickness of Al2O3 in 4% sulfuric acid
solution by a combination of Fabry–Pe´rot interferometry and
DC electrochemical methods at room temperature. The forma-
tion of the Al2O3 film was carried out by anodization process of
the aluminum base metal by applying an electrochemical poten-
tial, 9 V, with respect to the open circuit potential of the alu-
minum in the solution. In other words, the novelty of the
present study was clearly defined by pushing the frontier of a
white light technique such as Fabry–Pe´rot interferometry to
not only measure the random growth of the CdS film in situ at
the open circuit potential of the substrate in the solution [13],
but also, to measure dynamically the control formation of
Al2O3 film in situ at an applied electrochemical potential with
respect to the open circuit potential of the basemetal in the solu-
tion. Consequently, the combination of Fabry–Pe´rot interfer-
ometry and the DC electrochemical methods would have
potential applications in aluminum industries under dynamic
control conditions.
4. Conclusions or summary
In the present investigation, real time Fabry–Pe´rot interferom-
etry was utilized for the first time to measure the thickness ofPlease cite this article in press as: F. Karim et al., Measurement of aluminum oxide fil
Saudi Chemical Society (2016), http://dx.doi.org/10.1016/j.jscs.2016.02.001aluminum oxide film during a typical anodization process in
aqueous solution. This technique is environmentally friendly
as no pollution, no contamination or waste products were
formed. The anodization process of aluminum samples was
carried out in 4% sulfuric acid (H2SO4) solution at room tem-
perature and the developed oxide film of anodized aluminum
sample can be used in a harsh environment, i.e., corrosive
media in order to protect the core aluminum from corrosion.
Moreover, this study revealed that, there is a good concurrence
between the thickness of aluminum oxide film obtained from
the proposed novel scheme and the thickness determined by
SEM. The measured thickness of aluminum oxide is also suc-
cessfully justified by electrochemical measurements.
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